Device characteristics of polymer based bulk-heterojunction photovoltaic cells incorporating poly͓2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-1,4-phenylene vinylene͔ and methanofullerene ͓͑6,6͔-phenyl C 61 -butyric acid methyl ester͒ as the active materials are examined as a function of active layer thickness. The dependence of short circuit current on optical effects and its oscillatory variation on the polymer layer thickness is explained by solving the short circuit current using the drift-diffusion equations, where the light intensity calculated from the optical transfer matrix theory is used as the input for optical carrier generation. Furthermore, the effects of polymer layer thickness on other device operation parameters such as open-circuit voltage, fill factor, and series resistivity are measured. Considering the variation of above mentioned parameters, an optimized power conversion efficiency as high as 1.8% ͑under simulated air mass 1.5 global conditions͒ was achieved for a device with a polymer layer thickness of 55 nm.
I. INTRODUCTION
Polymer based photovoltaic ͑PV͒ devices have attracted a lot of attention in the last decade due to their potential for application as flexible, renewable, nonconservative energy sources. Since the discovery of photoinduced charge transfer between organic donors and acceptors, a great effort has been devoted to explore these materials for photovoltaic applications. [1] [2] [3] Plastic photovoltaic devices are now considered as promising renewable energy sources that are alternative to their inorganic counterparts, for example, silicon photovoltaic cells. 4 The obvious advantages of these plastic solar cells include, but are not limited to, their mechanical flexibility, light weight, and lower fabrication cost for larger area devices. 3 However, the performance of these devices is limited by several factors. For example, the high energy band gap of the materials used also limits the capability to harvest the photons with lower energy from the sunlight. More importantly, the charge carrier mobility of organic materials is very low. The poor conductivity of organic thin films cuts down the output power efficiency significantly. The highest power conversion efficiency of polymer photovoltaic devices reported so far is based on the bulk-heterojunction concept. For the poly͑3-hexylthiophene͒ based polymer photovoltaic cells highest efficiencies reaching up to 5% have been reported. [5] [6] [7] However, for poly͑2-methoxy-͑2Ј-ethylhexyloxy͒-1,4-phenylene ͑MEH-PPV͒ and C 61 -butyric accid methyl ester ͑PCBM͒ blends, the highest efficiency reported so far is 2.9%. 8 The bulk heterojunction provides not only high surface contacts for charge separation, 9 but also an interpenetrating network for efficient charge transport. Recently, the progress on polymer solar cells has moved forward on various frontiers, such as transparent and tandem or stacking structures to enhance the efficiency, [10] [11] [12] narrow band gap polymers, [13] [14] [15] and using triplet compounds 16 as active materials. More importantly, the measurement of organic solar cells, which is not trivial, has been investigated in detail. 17 This standard measurement procedure will make the efficiency measurement procedure for organic solar cells consistent with silicon solar cells.
There have been several efforts to understand the device operation mechanism of polymer PV devices. The effects of variables such as morphology, [18] [19] [20] temperature, 21 light intensity, 22 and optical absorption 23, 24 on the device performance, and primarily on the short circuit current characteristics, has been studied extensively. However, there has not been any substantial study on the nature of optical effects on short circuit current and their dependence on the thickness of the active polymer layer in PV devices. Optical effects have been studied for bilayer organic solar cells ͑based on small organic molecules͒, 25 but the dependence of device operation parameters such as short circuit current on the active layer thickness for polymer-fullerene solar cells has not been studied. Recently, a study on optical effects in polymer-fullerene blend photodiodes was reported but no treatment on recombination and charge transport was included. 26 In this manuscript, we report the optical effects on the short circuit current of polymer-fullerene based bulk-heterojunction PV cells and the effect of active layer ͑polymer-fullerene blend͒ thickness on the device performance. We provide a combined framework of optics and charge transport that directly link theoretical and experimental data. The effect of active layer thickness on device parameters such as current, fill factor, and series resistance of the device is reported. An optimum thickness of the active layer was achieved, giving a power conversion efficiency of 1.8%.
II. EXPERIMENTAL
A typical polymer photovoltaic device in this study consisted of a layer of polymer thin film sandwiched between a a͒ Electronic mail: yangy@ucla.edu transparent anode ͓indium tin oxide ͑ITO͔͒ and a metal cathode. The active polymeric material is an admixture of MEH-PPV, a p-type polymer, and PCBM, an n-type acceptor. The ITO glass substrates were cleaned by ultrasonic treatment in detergent, de-ionized water, acetone, and isopropyl alcohol sequentially. The ITO surface was then modified by spincoating a thin layer ͑about 25 nm͒ of poly͑3,4-ethylenedioxythiophene͒ poly͑styrenesulfonate͒ ͑PEDOT:PSS͒ ͑Baytron® P VP Al 4083͒ from water. This was followed by thermal treatment of the substrates at 120°C for 2 h. Then, a MEH-PPV and PCBM mixture solution ͑MEH-PPV: PCBM=1:4 by weight ratio; MEH-PPV concentration= 0.7 wt % in 1,2-dichlorobenzene͒ was spin coated from 1,2-dichlorobenzene on the prepared anodes. The thickness of the polymer films was controlled by changing and optimizing the spinning speeds. Finally, the cathode, consisting of 500 Å of Ca and 800 Å of Al layers, was thermally deposited on the top of the polymer film under vacuum of ϳ10 −6 Torr. The active area of the device was around 0.12 cm 2 . Figure 1 shows the device structure for a typical PV cell fabricated in this study and the energy level diagram under no applied bias. The current-voltage ͑J-V͒ curves were obtained by a Keithley 2400 source-measure unit. The photocurrent was measured under illumination supplied by a Thermal Oriel 150 W solar simulator ͓air mass 1.5 global ͑AM 1.5G͔͒. The thicknesses of the various films were measured using a Dektak profilometer. All devices were fabricated and tested in oxygen and moisture-free nitrogen ambient inside the glovebox.
III. RESULTS AND DISCUSSION
The measured J-V characteristics for PV cells with varying thicknesses of active polymer layer are shown in Fig. 2 . Figure 2͑a͒ shows the J-V curves measured under illumination at a light intensity of 166 mW/ cm 2 under simulated AM 1.5G conditions, whereas Fig. 2͑b͒ shows the J-V curves in a log-log plot measured under the dark. The thickness of the active layer, which comprised of MEH-PPV and PCBM blended together in the 1:4 weight ratio, was varied from 55 to 270 nm by varying the spinning speed during spin casting of the active layer from solution. As seen from the figures, the J-V characteristics under illumination change considerably on varying the thickness. For devices with active layer thickness of only 55 nm, the short circuit current ͑J SC ͒ was the highest, 7.55 mA/ cm 2 , whereas it was significantly lower for the device with active layer thickness of 270 nm, being only 5.75 mA/ cm 2 . The variation of J SC with the thickness of the active layer is plotted in Fig. 3 . There are two noticeable variations in the curve that fits the data points over the range of thicknesses. Firstly, there is an oscillatory variation in the value of J SC as the thickness increases, and secondly, there is an overall decrease in the value that gives the shape of the curve a gradually declining oscillatory variation.
In photovoltaics, the short circuit current is due to light absorption; thus the oscillatory nature of the short circuit current is very likely due to an optical effect. To determine the validity of this statement, we have modeled the variation in light intensity throughout the device, which allows the distribution of photogenerated carriers to be determined. For layers that are similar in thickness to the wavelength of light in the material, it is necessary to include interference effects in the calculation. Here we apply the optical transfer-matrix theory introduced by Heavens, 27 which was more recently applied to organic heterojunction solar cells by Pettersson et al. 28 .
In the optical transfer-matrix theory, light is considered as a plane wave. For photovoltaic devices, we will only consider light at normal incidence to the substrate. The electric field of the light at any point in the device is a complex quantity and is given a positive superscript E + ͑x͒ for waves traveling from left to right and a negative superscript E − ͑x͒ for waves traveling from right to left, as shown in Fig. 4 . The device consists of a stack of m layers, each of which is described by its complex index of refraction ñ = n + i and thickness d, sandwiched between the glass substrate and the atmosphere. The behavior of light at the interface between two layers, j and k, can be described by a 2 ϫ 2 matrix that contains the complex Fresnel coefficients. This matrix I jk is known as the interface matrix, which for normal incidence can be given in the simplified form
͑1͒
Similarly, the effect on the electric field from propagating through each layer is described by a 2 ϫ 2 matrix L j known as the layer matrix
where j =2ñ j / and is the wavelength of the light. The components of the optical electric field within the substrate ͑subscript 0͒ are related to those in the atmosphere ͑subscript m +1͒ by the total transfer matrix S
where S is the product of all interface and layer matrices
The field quantities in Eq. ͑3͒ are those that exist at the boundaries with the stack of m layers that makes up the active part of the device. Considering light incident from the substrate side only requires that E m+1 − = 0, allowing the reflection and transmission coefficients of the multilayer stack to be expressed as
To determine the electric field at a distance x within layer j of the device, one must add the left-and right-traveling waves,
To find these two latter quantities, Eq. ͑4͒ is split into two partial transfer matrices by the relation S = S j ЈL j S j Љ. These two matrices are separately defined as
Algebraic manipulation then allows Eq. ͑6͒ to be expressed in terms of known quantities,
where E 0 + is the electric field inside the substrate incident on layer 1,
͑10͒
Due to the large thickness of the glass ͑ϳ1.0 mm͒, the substrate cannot be included directly in the transfer-matrix calculation. However, to obtain quantitatively accurate results for the intensity in each layer, the effect of the substrate is included by summing the intensities within the glass as opposed to the electric fields. The intensity of light incident on the multilayer from within the substrate I S is then given by 
where I 0 is the light intensity incident on the device, R and T are the reflectance and transmittance of the multilayer stack, and variables subscripted with S represent values for the substrate. This allows us to define an internal transmittance T int for the substrate in terms of the absorption coefficient ␣ j =4 j / . By combining Eqs. ͑8͒ and ͑11͒, the light intensity at a distance x within layer j of the device can be expressed as
where j Љ is the argument and ␦ j Љ is the phase of the quantity in Eq. ͑10͒. Using this equation, the intensity at every point in the device can be calculated. Readers interested in a more thorough derivation are referred to Ref. 28 .
Once the light intensity profile in the active layer is known, the rate of energy dissipated per unit volume Q can be determined by Q͑x , ͒ = ␣͑͒I͑x , ͒. Assuming a photon to exciton conversion efficiency of , the exciton generation rate X can be expressed by dividing Q by the energy of a single photon of wavelength and integrating over all wavelengths in the spectrum, or
where h and c are Planck's constant and the speed of light in vacuum. The electron transfer from polymer to PCBM is very fast;
9 therefore a value of = 1 is assumed. Here the integration is performed from 350 to 800 nm, which is appropriate because the glass absorbs strongly below 350 nm and neither MEH-PPV nor PCBM absorbs appreciably beyond 800 nm.
In studying the effects of thickness, it is understood that the built-in electric field will change with the thickness. However, the field dependence of the probability for exciton dissociation into free charge carriers in organic solar cells has only more recently been taken into consideration. 29, 30 The theory of geminate recombination, originally described by Onsager 31 and later extended by Braun, 32 proposes that the probability of exciton dissociation is distance, field, and temperature dependent,
where x is the distance between the bound charges of the exciton, F is the electric field, T is the temperature, k r is the rate at which excitons relax to the ground state, and k d is the dissociation rate
.
͑15͒
In this expression ␥ is the Langevin bimolecular recombination rate constant, U b = q 2 / ͑4 r 0 x͒ is the exciton binding energy, J 1 is the first order Bessel function, and the field parameter b = q 3 F / ͑8 r k B 2 T 2 ͒. These expressions also include the electronic charge q, the material's dielectric constant r , the permittivity of free space 0 , and Boltzmann's constant k B . In disordered polymer systems, it is appropriate to treat the charge-separation distance not as a constant, but instead as a distribution of distances. A spherically averaged Gaussian distribution has been shown to be most appropriate, 33 for which the overall exciton dissociation probability becomes an integral over all charge-separation distances
where a is the charge-separation distance at which the probability of the Gaussian function is a maximum.
To determine the steady-state short circuit current of the solar cell, we solve the continuity equations using a driftdiffusion expression for the current, which are coupled to Poisson's equation
In the above equations n͑p͒ represents the electron͑hole͒ density, J n ͑J p ͒ the electron͑hole͒ current density, n ͑ p ͒ the electron͑hole͒ mobility, and the electric potential. Due to the finite probability of exciton dissociation the continuity equations take on a slightly modified form, 30 where the generation rate G is replaced by the product PX and the recombination rate is multiplied by ͑1− P͒.
The equilibrium solution is found first by solving Poisson's equation using a finite-difference method, where the electron and hole densities are defined in terms of the electric potential,
where N C ͑N V ͒ is the effective density of states for electrons͑holes͒, E C ͑E V ͒ is the electron͑hole͒ transport level, and is the Fermi energy. The steady-state solutions are then found by integrating the equilibrium solution forward in time using the time-evolution method of Davids et al. 34 which uses an additional equation for the time derivative of the electric field
where L is the thickness of the active polymer layer. Recombination is assumed to be of the Langevin bimolecular form
where the recombination rate constant is defined as ␥ = q͑ n + p ͒ / r 0 and the intrinsic carrier density is given as
Because the built-in electric field will change with thickness, the field dependence of the carrier mobility is taken into account by using the Frenkel-Poole form = 0 e ͱ F/F 0 . Both the mobilities and exciton dissociation probabilities are calculated from the average electric field in the device, rather than at each point, to enhance the speed of the simulation. A proper solution of the problem also requires the appropriate boundary conditions. Because the work function of PEDOT:PSS lies below the MEH-PPV highest occupied molecular orbital ͑HOMO͒ and similarly the work function of Ca lies above the PCBM lowest unoccupied molecular orbital ͑LUMO͒, Ohmic boundary conditions are assumed. At the PEDOT:PSS contact, defined as x = 0, this implies
and similarly at the Ca contact, where
The final two boundary conditions are on the electric potential, which for the short circuit condition is ͑0͒ = ͑L͒ =0. Many parameters are necessary as inputs to the model. The index of refraction ͑n͒ and extinction coefficient ͑͒ data for calculating the exciton generation rate used were obtained from several sources; those of calcium were obtained from Ref. 35 , and the data for MEH-PPV were assumed similar to those of MDMO-PPV, for which the data in Ref. 36 were used. For the glass, ITO, PEDOT, and aluminum layers, data were obtained from the authors of Ref. 28 . The light intensity spectrum ͓I 0 ͑͒ vs , where I 0 ͑͒ is the spectral irradiance of the solar simulator in W m −2 m −1 and is the wavelength in nanometers͔, obtained from Thermal Oriel, was described as a typical spectrum, and was scaled appropriately to achieve an intensity of 166 mW/ cm 2 . The remaining parameters, which were adjusted to best fit the measured J SC data, are listed in Table I . Figure 5 shows the measured short circuit current density as a function of active layer thickness, along with that calculated using the model. As can be seen from the comparison, the prominent features of the experimental data are reproduced well by the model. The oscillatory nature of the short circuit current exists both in the model calculation and the experimental data, although the relative extrema predicted by the model are shifted to slightly larger thicknesses. We believe that a more rigorous fitting of the parameters would bring the theoretical and experimental curves in closer agreement, especially by using more accurate optical data. Such data, as obtained by ellipsometry, are currently beyond our limitations.
To further understand the nature of the oscillatory behavior, we have also calculated the short circuit current using two different models. First, we use the common assumption that the light intensity decays exponentially as it travels through the polymer film. This assumption is employed by many of the models reviewed by Harrison et al. 37 In these calculations, the initial light intensity in the polymer film is calculated by using the transmittance from the air into the MEH-PPV:PCBM film, where the transmittance of the glass/ ITO/PEDOT:PSS structure is determined using the optical multilayer theory. This description gives the most accurate comparison with the previously outlined model ͑model 1͒. As shown in Fig. 6 , the model using exponential decay ͑model 2͒ can describe neither the oscillations in current nor its decrease at larger thicknesses.
A second variation in the model was also investigated, in which the original light intensity profile described ͑model 1͒ was used, but all excitons are assumed to be dissociated. In this model, the right-hand side of Eq. ͑17͒ is replaced with the more standard form X − R. As shown in Fig. 6 , ignoring Fig. 2͑a͒ . The solid curve represents the data calculated from the model. the dissociation probability greatly overestimates the short circuit current for thicknesses of 50 nm and above ͑model 3͒. However, the positions of the minima and maxima versus thickness agree well, which reinforces our hypothesis that optical effects dominate the oscillatory behavior in the short circuit current. To summarize the three model we have used model 1 includes optical interference by the transfer-matrix theory as well the exciton dissociation probability, model 2 ignores optical interference and assumes exponential decay of light intensity, with exciton dissociation probability included, and model 3 includes optical interference, but assumes all excitons are dissociated.
Another interesting observation can be made by looking at Fig. 6 . For each of the models described, the currents were calculated using the averaged exciton generation rate X͑x͒. These plots, followed by ͑Avg͒ in the legend, are strikingly similar to those in which the full position dependence of X is used. This suggests that the relative positions of intensity minima and maxima are not important in this material system, but the mean level of the intensity is. Such is not true for bilayer heterojunctions, where the position of the maximum light intensity has a large impact on device performance. 28 Figures 7͑a͒ and 7͑b͒ show the variation of fill factor ͑FF͒ and the series resistance ͑R S ͒, respectively, of the PV cells with the thickness of the active layer. The fill factor of solar cells is given as FF= I max V max / I SC V OC , where I max and V max are the current and voltage at the maximum power point of the I-V curve in the fourth quadrant. A large serial resistance in the equivalent circuit of the solar cell can result in a reduced value of FF. From Fig. 7͑b͒ , it can be seen that the value of R S increases almost linearly with the thickness of the active layer. The resistance R S was calculated using the equivalent circuit described in Ref. 4 , from the log dark current density versus voltage curves shown in Fig. 2͑b͒ by using the equation R S = ⌬V / I, where ⌬V is the voltage offset from linearity at high bias and I is the current. One of the major factors that contribute to series resistance is the resistivity of the bulk layer, and thus with the increasing thickness of the active layer, the observed linear increase of R S is understandable. As a result of this increase in the R S , the FF decreases linearly with the increasing thickness of the active layer as shown in Fig. 7͑a͒ . The above results for FF and R S are in good agreement with the results reported previously, 38 although much thinner active layers have also been considered in this study. Also from Fig. 2͑a͒ , V OC of the PV cells remains almost constant and is independent of the thickness of the polymer layer. This is not surprising as it has been reported previously that the V OC depends mostly on the energy levels of the electron donor and acceptor system, which in our study remains the same for all the devices. The power conversion efficiency of the solar cell is calculated from eff = V OC J SC FF/ I light , where V OC ͑measured in volts͒, J SC ͑measured in mA/ cm 2 ͒, and FF are as described above and I light is the incident solar radiation in mW/ cm 2 . Figure 8 shows eff as a function of the active layer thickness. The polynomial fit to the experimental data shown represents a guide to the eye, rather than model results. The incident light intensity remains the same for all the devices, and therefore the efficiency will depend on the product of FF, J SC , and V OC , as is visible from Fig. 8 , where the variation in eff can be thought of as the superimposition of curves in Figs. 3 and 7͑a͒. The oscillatory dependence of the curve on thickness is because of a similar oscillatory dependence of J SC on the thickness as explained above. Here we have noted that the optimal thickness that we have obtained for best performance of our devices is ϳ55 nm. However, we have reported experimental results for devices with minimum active layer thickness of only 55 nm. One of the primary reasons for not including results for devices with thinner active layers is that the quality of the film is very poor when spin cast at the very high speeds required to obtain a thin film. Such films have pin holes and other defects along with a nonuniform surface, which have an adverse effect on the performance of the device. Therefore, the proposed model may not provide an accurate description of the measured currentvoltage characteristics for devices with a thickness below 55 nm due to the increased leakage current in devices with such defects. However, we believe that if thinner defect-free films can be obtained with sufficient uniformity, the model will provide an accurate agreement to the I-V characteristics for such devices as well.
IV. CONCLUSION
In conclusion, we studied the effect of active layer thickness on the electrical characteristics of the photovoltaic devices and presented a model to explain the effect of thickness on the optical absorption and thus the short circuit current in the PV cells. A gradually declining oscillatory dependence of power conversion efficiency on the active layer thickness was observed and explained on the basis of the effect on FF, J SC , and V OC of the device as the thickness is varied. Model calculations and the experimental results suggested that for an optimum thickness of the active layer, the highest power conversion efficiency can be obtained close to 55 nm, which in this study was close to 1.8%.
